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ABSTRACT 

Animals that feed on plant tissues or plant products are called herbivores. Plants present various nutritional 
and defensive barriers against herbivores; nevertheless, insects have evolved a diverse array of mechanisms that enable 
them to feed and develop on live plant tissues. (Hanson and Moran, 2013). Induced plant defenses in response to 
herbivore attack are modulated by cross-talk between jasmonic acid JA and salicylic acid SA signaling pathways. Oral 
secretions from some insect herbivores contain effectors that overcome these antiherbivore defenses (Chung et al., 2013). 
Bacteria mediating the plant response to herbivore attack can be allocated to three major groups, based on their location 
onto the herbivore: environmental (or external), digestive system (internal extracellular) and endosymbionts (internal 
intracellular) (Schausberger, 2018). Herbivores possess diverse microbes in their digestive systems, affects the host 
physiology and these microbial symbionts can modify plantinsect interactions (Su et al., 2015). Herbivore associated 
bacteria not only influence the immune phenotype of their insect host, but also the immune phenotype of the insect’s host 
plant (Wang et al., 2017). 
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INTRODUCTION 

Plants and insects have been living together for more than 350 million years. In co-evolution, both have 
evolved strategies to avoid each other’s defense systems. This evolutionary arms race between plants and insects has 
resulted in the development of an elegant defense system in plants that has the ability to recognize the non-self 
molecules or signals from damaged cells, much like the animals, and activates the plant immune response against 
the herbivores (Howe and Jander, 2008). To counter the herbivore attack, plants produce specialized morphological 
structures or secondary metabolites and proteins that have toxic, repellent and anti-nutritional effects on the 
herbivores (Usharani and Jyothsna, 2010). 
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PLANT DEFENSE AGAINST HERBIVORES 

Plants confront the herbivores both directly by affecting host plant preference or survival and reproductive success 
(direct defense), and indirectly through other species such as natural enemies of the insect pests (indirect defense) 
(Dudareva el al., 2006). Direct defenses are mediated by plant characteristics that affect the herbivore’s biology such as 
mechanical protection on the surface of the plants (e.g., hairs, trichomes, thorns, spines, and thicker leaves) or production 
of toxic chemicals such as terpenoids, alkaloids, anthocyanins, phenols, and quinones) that either kill or retard the 
development of the herbivores (Hanlet el al., 2007). Indirect defenses against insects are mediated by the release of a blend 
of volatiles that specifically attracts natural enemies of the herbivores and by providing food (e.g., extrafloral nectar) and 
housing to enhance the effectiveness of the natural enemies (Arimura el al., 2009). 

Jasmonic Acid 

JA is the most important phytohormone, activates the expression of both direct and indirect plant defenses against 
herbivores (Usharani and Jyothsna, 2010). Chewing of plant parts by insects causes the dioxygenation of linoleic acid and 
linolenic acid. Defensive responsesinduced by JA include antioxidative enzymes. Pis, VOCs, alkaloid production, trichome 
formation and secretion of EFN (War et al., 2012). 

Salicylic Acid 

Salicylic acid (SA), a benzoic acid derivative, is an important phytohormone involved in the regulation of plant 
defense (War et al, 2011). It is an important endogenous plant growth regulator that generates a wide range of metabolic 
and physiological responses in plants involved in defense in addition to their impact on plant growth and development 
(Rivas-san Vicente and Plasencia, 2011). Responses to SA depend on a regulatory protein called Non-Expressor of 
Pathogenesis-Related Genesl (NPR1) (Pieterse and Van-loon, 2004). The NPR1 gene is activated through redox pathways 
by SA accumulation and is translocated to the nucleus, however, it does not bind to DNA directly, but acts through 
transcription factors. SA induces greater defense against piercing and sucking type of insect pests than the chewing ones 
(Zhao et al., 2009). 

Polyphenol Oxidase (PPO) 

The PPOs are important enzymes in plants that regulate feeding, growth, and development of insect pests and play 
a leading role in plant defense against the biotic and abiotic stresses (Bhonwong et al., 2009). PPOs can function in the 
following ways: 

• PPO-generated quinones could alkylate essential amino acids, decreasing plant nutritional quality, 

• Quinones produce oxidative stress in the gut lumen through redox cycling, and 

• Quinones and ROS produced by phenolic oxidation have toxic effects on herbivores (War et al., 2012). 

MICROBIAL INTERACTIONS 

The theory on insect-plant interactions cannot progress realistically without consideration of the third trophic level 
(Price et al., 1980). In their discussion of the third trophic level, it includes parasitoids, predators and microbes. 
The microbes may mediate the interactions of insect herbivores with their host and the novel interactions among microbes, 
plants, and herbivores are. 
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Insect-associated microbes can suppress plant defenses and detoxify defensive phytochemicals that enhance insect 

fitness. 

Polydnaviruses 

Symbiotic polydnaviruses of some parasitoids that are released into the host during parasitization can modify the 
expression of herbivore-associated molecular patterns (HAMPs) and effectors, thereby suppressing plant defenses to 
promote host growth and parasitoid fican m. 

Phytopathogens 

Plant pathogens can cause diseases to plants. 

Plant-Beneficial Microbes 

Plant-beneficial microbes can influence insect behavior and fitness through changes in plant biomass, nutritional 
quality, defensive properties and attraction of natural enemies. 

Entomopathogens 

Entomopathogens may potentially influence plant defenses directly as endophytes or indirectly by modifying the 
composition of insect oral secretions. (Shikano el a/.,,2017) 

INSECT-MICROBE SYMBIOTIC ASSOCIATION 

Resident microorganisms in insects act as “biochemical brokers” that enable insects to exploit plants. 
The chemical functions mediated by these microorganisms could include detoxification of plant allelochemicals, 
degradation of plant cell walls, and biosynthesis of nutrients that are essential for the insect but in short supply in the plant 
food (Douglas, 2013). Symbionts, defined as microbes that form persistent, non-invasive associations with hosts, are 
common in insects generally and in herbivorous insects in particular (Hansan and Moran, 2013). 

Categories of Symbiont 

Microbes have persistent associations with their hosts and that do not cause overt pathogenic symptoms. Insect 
symbionts can be divided into three general categories based on their location relative to the insect body: environmental (or 
external), digestive system (internal extracellular) and endosymbionts (internal intracellular) (Schausberger, 2018). Few 
symbionts are intracellular or housed within the body cavity and are passed between generations through eggs, resulting 
in maternal inheritance. Heritable, usually intracellular, symbionts are found in a variety of insect groups, which often 
evolve specialized cells (bacteriocytes) for housing them. Second, microbes inhabit the guts of most animals including 
most insects, living within the gut lumen where they form communities of varying complexity in different insect species. 
Third, microbes regularly colonize food before it is ingested and may impact its composition. These environmental 
symbionts most likely are important in insects that feed on a stored food resource within a nest or localized feeding area 
such as a gall or gallery (Hansan and Moran, 2013). 
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HAOs Directly Affect Plant Responses to Herbivory 

To activate defense responses, plants recognize insect attack by their damage pattern by perceiving 
herbivore-derived chemical cues (herbivore-associated elicitors or herbivore-associated molecular patterns) (Bonaventure, 
2012). The elicitors induce signal-transduction pathways regulated by phytohormones and gene transcripts that modulate 
herbivory-induced responses in plants (Erb et al., 2012). When honeydew excreted by aphids drops onto the plant, it may 
suppress defense-related jasmonic acid accumulation by inducing salicylic acid, suggesting that bacteria within the 
honeydew may make plants less resistant to the aphids (Schwartzberg&Tumlinson,2014; Zhu el al., 2014). 

HAOs Indirectly Affect Plant Responses to Herbivory 
HAOs Influence Host Behavior 

The presence of HAOs leads to changes in the behavior of the host insect, including reproduction, feeding 
behavior and locomotion (Hughes et al, 2012). Changes in movement of hosts as a result of parasitism have been well 
investigated in different parasite-host systems. For instance, fungal or viral infections may manipulate the behavior of their 
insect host such that the host now moves to the top of the canopy, which is beneficial for reproduction and spread of the 
parasites (Hoover et al, 2011) 

HAOs Influence Host Physiology 

Microbial symbionts can provide essential nutrients to the host, such as amino acids, vitamins, and sterols. 
Symbionts of herbivorous insects greatly improve nutrient uptake and open niches to their insect host, allowing 
colonization of a broad range of host plants (Douglas, 2009). Endosymbionts ( Arsenophonus and Wolbachia in B. tabaci) 
may also contribute to herbivore resistance to insecticides (Ghanim & Kontsedalov, 2009). 


Table 1: List of HAM Involves in Modulating Plant Defenses 


s. 

No 

Insect Host 

Microbes 

Plant 

Function 

Reference 

1 . 

Leptinotarsa 

decemlineata 

Stenotrophomonas, 
Pseudomonas, 
Enterobacter (OS/REG) 

Tomato 

Decreased JA responsive 
defense and increased 

SA accumulation 

Chug et al., 2013 

2. 

Diabrotica 
virgifera virgefera 

Wolbachia (OS/REG) 

Maize 

Supress defense related 
genes 

Shikano et al., 

2017 

3. 

Macrosiphum 

euphorbiae 

Buchnera aphidicola 

Potato 

Chaperonin GroEL - 
elicits pattern triggred 
immunity 

Chaudhary et al, 
2014 

4. 

Bactericera 

cockerelli 

Liberibacter psyllaurous 

Tomato 

Alters JA-and SA- 
regulated defenses 

Casteel et al., 

2012 

5. 

Helicoverpa zea 

Enterobacter ludwigii 
(OS/REG) 

Tomato 

Induce the expression of 
GOX elicits the 
production of JA 
regulated defenses 

Wang etal., 2017 

6. 

Dentroctonus 

ponderosae 

Serratia, Rahnella 
aquatilis 

Pine 

Reduced concentration 
of monoterpenes 

Boone et al., 

2013 

7. 

Bemisia tabaci 

Hamiltonella defensa 

Tomato 

Supression of JA-related 
genes 

Su et al., 2015 
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HERBIVORE - MICROBE - PLANT INTERACTION 

Herbivore Associated-Microbe Indirectly Induces Defense by Triggering a Salivary Elicitor 

Insect-associated bacteria influence the elicitation of defensive reactions in the host plants. Helicoverpa zea 
gut-associated bacteria indirectly mediate plant-insect interactions by triggering salivary elicitors (GOX). Enterobacter 
ludwigii was one of three bacterial isolates that increased GOX activities in the labial glands of H.zea larvae and 
suppressed PPO activities in tomato plants. Enterobacter ludwigii- inoculated caterpillars induce JA-responsive defenses in 
tomato plants. To investigate whether gut-associated bacteria affect defense-related IA and SA signaling pathways, the 
expression of selected defense-related genes in tomato plants damaged by H.zea larvae inoculated with E.ludwigii was 
measured. Tomato plants damaged by E.ludwigii- inoculated H.zea larvae had significantly higher expression levels of the 
JA-responsive genes Pin2, CysPI and PPOF compared with plants damaged by MgCl 2 solution-inoculated caterpillars, 
while the expression level of SA responsive Prla (P4) was suppressed in tomato plants damaged by E.ludwigii- inoculated 
larvae (Wand et al., 2017). GOX is one of the principal proteins in H.zea saliva that mediates induced defenses in certain 
Solanaceae plants (Musser et al., 2002; Tian et al., 2012). GOX proteins on wounded sites of tomato leaves using a specific 
GOX antibody showed that inoculation of E. ludwigii affects the secretion of GOX from the saliva of H.zea larvae. Western 
blots showed that more GOX protein was secreted by E.ludwigii- inoculated H.zea than by MgCT solution inoculated 
larvae. When the spinnerets of caterpillars were ablated to examine the effects of saliva on the manipulation of tomato 
induced defenses, tomato plants damaged by ablation of the spinneret larvae significantly reduced PPO activities compared 
with plants damaged by E.ludwigii-inoculated larvae with intact spinnerets. Higher PPO activity was observed in tomato 
plants treated with saliva collected from E.ludwigii inoculated larvae than that in plants treated with saliva collected from 
MgCT solution-inoculated caterpillars (Wand et al., 2017). 

PPO activity was significantly suppressed by 20pl of 10 9 CFU/ml of E. ludwigii. The expression levels of 
JA-responsive Pin2 is suppressed and SA-responsive Prla (P4) is induced in tomato plants when treated with 20pl of E. 
ludwigii (10 9 CFU/ml). This showed that the suppression of plant defenses by E. ludwigii is dose-dependent when E. 
ludwigii is directly applied to wounded tomato plants (Wand et al., 2017). GOX is the most abundant protein identified in 
H.zea saliva and plays a key role in the induction of defenses in tomato (Tian et al., 2012). GOX from the H.zea larvae 
catalyzes the conversion of glucose to gluconic acid and hydrogen peroxide (H 2 0 2 ) (Kwakman et al., 2010). H 2 0 2 could 
also induce defense genes and this is the likely factor in inducing plant defenses (Orozco-Cardenas etal., 2001). GOX that 
play an important role in triggering JA-signaling responsive defenses in tomato plants. The function of GOX in the 
activation of plant defenses is planted species-dependent. For example, saliva or GOX from the labial glands of H.zea 
served as an effector to suppress induced defenses of Nicotiana tabacum (Musser et al., 2005) by contrast, tomato 
JA-signaling regulated defense responses were triggered by GOX from H.zea larvae (Tian et al., 2012). 

The sap-feeding plant pest aphids harbor the endosymbiont Buchnera aphidicola, which is essential for their 
fecundity and survival. During plant penetration and feeding, aphids secrete saliva that contains proteins predicted to alter 
plant defenses and metabolism. GroEF is one of the abundant proteins in bacteria and has been shown to elicit immune 
responses in animal systems and GroEF induces enhanced resistance to aphids (Chaudhary et al., 2014). 

Herbivore Associated-Microbe Suppresses Induced Plant Defenses 

Hamiltonella defensa infection benefits whiteflies by suppressing induced plant defenses in tomato. H. defensa is 
confined within specialized insect cells called bacteriocytes in B. tabaci, it is not likely to be injected directly into the plant 
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via the stylets during feeding (Gottlieb et al., 2008). Hamiltonella defensa infection improves B. tabaci performance on 
tomato by which seven days after releasing newly emerged adult whiteflies, B. tabaci infected with H. defensa performed 
significantly better on tomato compared to uninfected controlsand the adult whitefly survival was 20% higher (Su et al., 
2015). The activity of PPO and POD was assessed in tomato plants after 24-h and 48-h period of infestation with H- or 
H+ whiteflies, in which PPO and POD responses in plants were significantly higher in H- than in H+ or control treatments. 
Compared with feeding by H- whiteflies, feeding by H+ whiteflies decreased the expression of the JA-responsive LOX, 
AOS, and Chi9 but increased the expression of the SA-responsive PR-1(P4) in tomato plants. These results indicate that the 
presence of H. defensa in whiteflies suppresses anti-herbivore defenses (Su et al., 2015). The whitefly saliva contains 
elicitors attributed to infection with H. defensa, by which the saliva from H- or H+ whiteflies to mechanically damaged 
plants and measured how saliva a I ects the expression of induced defense genes. The relative expression levels of defense 
marker genes were evaluated by quantitative RT-PCR. Expression levels of the JA responsive genes LOX, AOS, and Chi9 
were significantly lower in plants exposed to saliva from H+ relative to H- whiteflies, whereas the opposite was true for the 
expression of the SA-responsive PR-1(P4). Symbiontmediated suppression of plant defenses potentially involves 
antagonism between the JA and SA signaling pathways (Su et al., 2015). 

Gut-associated bacteria of lepidopterans can promote plant defense, produce digestive proteases, metabolize toxic 
plant compounds and appear to help in the hydrolysis or synthesis of N-acyl amino acid conjugates, which are elicitors of 
JA-mediated plant defenses (Ping et al., 2007). FAW gut-associated microbes regulate herbivore-induced defenses and 
enhance the insect performance on tomato plants. Pantoea ananatis and Enterobacteriaceae-1 ( Serratia / Rahnella) were 
Jasmonic acid defense-suppressing bacteria in FAW oral secretions and these bacteria did not alter salivary protein 
abundance or the activity of insect salivary enzymes. They directly regulate plant defenses upon their secretion through the 
insect regurgitant. The bacteria themselves or bacteria-derived components are eliciting specific plant defensive pathways. 
The efect of FAW-associated bacteria on JA-related plant defense responses appears to be host plant-specific. This could 
be due to diferences in signal transduction pathways or receptor-mediated recognition of different host plants 
(Acevedo et al., 2016). 

Herbivore Secreted Microbe Induce Defense Responses in Preferred and Non-Preferred Host Plants 

False potato beetle (Leptinotarsa decemlineata) has been reported as a specialist on solanaceous weeds such as 
horsenettle, but also feed on other solanaceous plants such as ground cherry, husk tomato, and nightshade (Jr and Fasulo, 

2015) . Polyphenol oxidase is one of the JA-regulated enzymes that serves an anti-nutritive role by disrupting the normal 
digestive processes of herbivores (Bosch et al., 2014). Both wounded tomato and horsenettle plants treated with oral 
secretion (OS) collected from untreated larvae showed lower PPO activities than those treated with water or OS from AB 
(antibiotic) treated larvae. These results were similar to plants damaged by AB or non-AB treated larvae. This shows that 
the microbes in OS from FPB larvae suppressed both the preferred and non-preferred plant induced defenses (Wang et al., 

2016) . 

The mechanism of the suppression in plant defenses caused by bacterial isolates was quantified the expression 
levels of JA- and SA-regulated genes in both tomato and horsenettle leaves. Both the plants were wounded and treated with 
Pantoea sp., which suppressed PPO activities in both tomato and horsenettle, but Enterobacter sp. decreased PPO 
activities only in tomato. This shows that both Pantoea sp. and Enterobacter sp. decreased JA-responsive CysPI expression 
alongside increasing SA-regulated Prl expression and results that the different microbes in insects have species-specific 
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TOOLS TO STUDY THE MICROBIOLOGY OF PLANT-ASSOCIATED INSECTS 

• Phylogenetic position of the bacterium can be determined from sequencing methods. (Parallel sequencing of 16S 
rRNA gene) (Douglas, 2013). 

• Genome-based methods, such as metabolic modeling, can assist in identifying specific nutritional requirements 
and have been used successfully to construct suitable culture media (Douglas, 2013). 

CONCLUSIONS 

More studies are needed to determine the mechanisms by which Herbivore-associated bacteria regulate JA- 
inducible plant defenses (Frago et al., 2012). Further studies to achieve selective elimination of single bacterial taxa, to 
pinpoint which bacteria are responsible for manipulating plant defense (Schausberger, 2018). Physiological and genetic 
studies are needed to directly demonstrate the role of microbes in assisting detoxification in insect gut (Sikano et al., 2016). 
Future studies are required to unravel why and how the microbes alter their host’s behavior (Zhu et al., 2014). Whether the 
effects of microbial symbionts on herbivore physiology affect plant responses to herbivory remains to be investigated (Zhu 
et al., 2014). 
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